
SECURITY CLASSIFICATION OF THIS PAGE (119,., bae. Fritered)

Vt R- r~e.' 46II6 2 GVT ACCESS N . ECIPIE"T'S CATALOG NUMBER,/

DLAR SYSTE14S JHEORY AND RESIGN ANALI al________________ Ae"-Ilt

7.ATqf_1J I.CNTAt GRANT NUMBER(&)

II.~ ~~~~~~V COTRLLN OPIENM NDADES.- RCONRAT Q~E~

Boillieg A/B, Wasingtn Dv' rCtr 20332m n

UNCLASSIFIE
9.~~~a DPERFORMIG ORGANIZTION NAMEADIKNG

ot Uierst DSRUToN STTEENlorid t6l Ret

Approe For pubic relSc e;tfi distaributin unimted. wi17

ini

17. MONITORINGT SATENYAMEN &. tiDE. SJ diffterente, Ifro Cloktroillingwu Office IS SCRIT'668't 1 <Nreo

110. SUPPLEMENTARY NOTES

I$. KEY WORDS (Continue on #ewerse aide It nece..iny md identify by Mlock number)

modular system, macromodels, optimal decomposition, maintainability,
reliability, availability

a... 4PO. ABSTRACT (Continua on reverse side it neceeeauy and identit by block number)
C) Final report of work begun on modular systems analysis and design. _

C..) Includes modular concepts and optimization methods for reduce life-
LJcycle-cost of classes of systems with modularity constraints.

I =iý 0-0%nn -ORN



• -4
hFOSR W "' "

FINAL REPORT

on

MODULAR SYSTEMS THEORY AND DESIGN ANALYSIS

by

William H. Boykin

Principal Investigator

and

Senior Investigators
Steven W. Director

Rudolf E. Kalman
Eginhard J. Muth
Gale E. Nevill, Jr.

Boghos D. Sivizazlian

Arthur W. Westerberg

7 January, 1977

Approvea Csr for "'.,

distribution unlimited.

-.. ;_ -for pubil" ro1OSS .I

Prepared under Grant Number AFOSR-74-2605
for the

UNITED STATE'S ATIR FORCE
AIR FORCE OFFICE OF SCIENTIFIC RESEARCH

BOLLING AIR FORCE BASE7 .WASHINGTON, D.C.

-..

V.v-

.. / .ys



fd

IDSL
Mr ce

Toe



TABLE OF CONTENTS

1. Introduction................... 1

2. Main Results J..................

2.1 Deciding on a Modular Design Approach .... 3

2.2 Modular Structuring of Connected Physical
Systems.. .......... ....... 5

2.3 Macromodeling, Decoupling and Optimization . 6

2.4 Economic and Reliability Considerations in
Modular Design. ..............

2.5 Mathematical Theory of Modular Systems ....

3.0 Conclusions .................. 9

4. References .................. . 10

i'I



I. Introduction

So far the modular system concept Is centered around comp,:nent
standarization. In an attempt to reduce weapon systems' costs
certain components have been declared as "modular" or better yet
as standard. This type of declaration is commendable. A manoger
who makes such a declaration can be in a precarious position if he
has limited information on the ramifications of "pouring such compo-
nents in concrete". If a declared standard component causes future
systems to have significantly poorer performance or to be much more
complex and costly (i.e., have less overall modularity), the declared
standards must be revised. Such standards will probably have a
very short life-time when applied to. elements of ultra-high per-
formance system. unless the standards are based on "top-down" designs
of all applicable systems. Thus, requirements and technology must
be accurately forecast, all potentially high cost systems must be
defined, all possible common modules must be cataloged, and the
impact of overall system cost of declaring certain components as
common modules must be assessed.

Modular systems can mean more than systems of standard components.
Hlighly significant system life-cycle-cost savings can be obtained
via the iise of other attributes of modules. For example, we have
stated in earlier reports that modules should be as energy/infor-
mation/structurally independent of other modules as possible. This
has been shown Lo offer advantages in system reliability and main-
tainability. This idea of independence and decoupling in design
is slightly more complex (requires more decision making information)
but it is being used in new weapon systems today. The so called
line replacement units (LRU's) are no longer lust replaceable at
unit maintenance (for examahle, AUVM) but can be replaced without
disturbing other modules and, in many cases, by a single tool.

In essence, systems should consist of a support structure
(whitch can be shared by modules up to the point where the structure
becomes a mechanism when modules are removed) and the modules them-
selves.

We have not developed a unified theory for the design and ana-
lysis of the ultimate tin modular systems. We have developed basic
concepts of "what modules are" and have used in design and analysis
some powerful mathematics such ais "dynamic programming", "tearing
methods for decoupling", "modern algebra for modular design of dy-
namic system", and other "modern optimization methods". Roughly.
our concept of the ultimate in modular systems is: the systems
should perform their functions. the total life-cycle-cost of each
system should be a minimum with maximum tt i lizat on of common
elements; mainrenance times should be minimum at a!i levels; and,
reliability should be constrained to at least state-of-the-art levels.

Not all conceptual systems arc optimum when they are modular.
Cost, performance and the number of units, and the number of possible
modular subsystems can limit the level of modularity 'to a trival
level ; and, the best system cotild be a unitized system with even
very limited use of standard hardware components. Our research into
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"human decision making in design has used the promising approach of
treating uncertain qualitative factor.% via fuz.zy semantic variables.
The goal of this work has been to develop decision making computer
programs for deciding whether or not to seek a modular design
approach.

The starting point for a top-down design of a modular system "
is the identification of modular functions. In some systems
separate functions can share a common module and the system can
still maintain its simplicity and ultimate modular form. For ex-
ample, in pointing and tracking systems for beamrider or laser
designation a common optics module can be shared by two or more
functional subsystems. Thus, one first identifies the indeendnt
functiona and then decides via optimization methods how to modular-
ize the functional subsystems for an optimal system. One approach
Is to design for the functional subsystems to share the maximum
number of modules. With constraints only pn the functions this
can lead to a suboptimum (loss than ultimwte) modular system. Such

decisions must be based on precise mathematics for partitioning
systems with respect to: 1) structures, 2) reliability, 3) maintain-
ability (and availability), 4) inventory, and 5) reduced dynamic
sensitivity as well as functional optimization.

Design from the bottom-up does not appear to provide both i
we-1 functioning system and an economical system when the system
is one requilring interdisciplinary dlesign. Hlowever, many sub-

systems and some simple large scale systems like heat exchangers 111
can be ultimately modular when designed from the bottom-up. The
analysis process for modular system design is of necessity different
from analysis in a conventional design because, among other things,
a continuum of design solution is generally not possible. Dynamic
programming proved useful in handifng bottom-up designs of the
inherently discrete modular systems.

In addition to the research in modular systems design decision
making we have:

1. applied a least squares method to the allocation of system
resources (e.g. mass and power flow) among functional modules.

2. developed new methods of macromodeling for simulation and
design of modular systems.

3. developed a new least squares algorithum for solving the par-
titioined (.and sparse) nonlinear equations of the unacromodels.

4. developed optimal group replacement times for deteriorated
modtiles as observed during periodic review.

5. developed optimal processing costs and deferral cost of machin-
Ing of scheduled modules with particular attention paid to the
time valw e of mone.

6. related reliability and equipment life to decreasing mean-
residtdal-I Ife funt- ions and the concepts of negative memory,
posit ivye mereory and no memory.

7. developed tle algebraic relationsh ips between dtcoupling
indices of dynamical systems and the reachability or functional
(Kronecker) indices.

2
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Modular systems as systems with complex functions are designed
by interdisciplinary groups of engineers and scient[sts. Systems
engineers who understand all design goals and functional inter-
actions of components must play a key role in decisions regarding
design. Thus, if work on "modular systems theory and design analy-
sis" is to bie fruitful it must produce new Information, which is
useful to these design people, and provide decision making methods.
"Our work has produced new information for deciding on a modulir
design. Concepts for defining a modular system and a module have
been developed. New methods for determining reliability and main-
tenance strategies of modular systems were also developed. These
results togehlier with brief descriptions of tile macromodeling work
and algebraic systems theory research will now be described. (The
Appendix contains published papers and reports).

2.1 Deciding on a Modular_ DesignAApproach

Commonly the designer must make decisions regarding both whether

or not to seek a modular approach at all and, if so, which of several
alternatives is most desirable. In problems of practical interest,
tLieqe decisions are made difficult by the presence of mtiltiple per-
formance criteria which the design seeks to achieve, multiple con-
straints on the nature of the design, multiple prescribed features
of each design, and economic cons iderat ions Imposed by other systems
in the class. A further complication is the high level of uncer-
talnty regarding many significant factors and their interactions.
This plus the noncommensurability of their quantitative estimation
makes it extremely difficult for jtidgement factors to be satisfact--
ori.ly included in the considerations.

Recent developments in the treatment of highly uncertain quali-
tative factors, using futzvy semantic variables seem to offer a
promising approach to this Latter difficulty. In addition, re-
search into human decision-making (Dawes 121) suggests that even
siilkple I inear computer models can do much better than humanis Ill
making multiple criteria decisions. Vtese factors suggest that a
linear interaction model using fuzzy semantic variables would be
clearly superior to a "seat-of-tlie-pants" decision approach by
the designer. Effort has been directed toward the development of
such a modeL.

The Design Select ion Model involves the following major steps:
1) Select a set of performance criteria and requirements for the

destgn. These might involve factors such as geometrical size,
weightt, spacing, chemical compat ibili ty, temperature and humidity
specification, maintenance requirements, yield, range, deploy-
ment flexibility, shelf life, electronic compatibility with
other componernts, etc. This set of requirements and criteria
shioul d( cons ist of dist inet factors and be complete in the sense
that no significant criteria a1re" om iLte. tc-

2) 'rhe lagni i.tuide and time-dependency of direct influence% of
various proposed design approaches oin the level of performance

3



(if e'ach of theseL cr iteria i .' tlit'i est iiuat~t'c andit expiressedc hi

terms of fu?.?.y semantic variables. Foir exatmple, magnit~udes
might be expressed as positive or negative enormous, lar-ge,
suibstantial or mintor effects. The time effects might be ex-
pressed as Instantaneous, short or long term.

3) The. Interactions anticipated between levels or ach~ievement of
various goals are then similarly estimated. These interactions
should result from influence means other then directly from
the design choitte itself.

4) An aggregation scheme appropriate to the design task is then
chosen such that all of the levels of performance are suitably
weighted for their significance in the particular situation
and then combined into a single time-dependence performance
Index.

5) Appropriate numerical "meanings" are chosen for the variouis
semantic terms used. These might, for example, be enormous
=100, large -10, substantial -1, minor,- 0.1 etc.

6) The model is then progranmmed for a computitur and stopped
through the expected ift) spanl Of the dlesign to obtain a pro-
dicted performance-time history of each design option.

7) The numerical results are levels of meaning in semantic terms
and are converted back into the semantic terms familiar to
the designer. These sem~antic terms are then presented to the
designer or other decision maker.

8) Further agg~regation over time us intg again aui appropriate cr1-
teria (such as the aren under the performatice/time curve, for
exampl-e) can then be carried out to give a single overa~ll indexA
of performance for cachi design approach if desired.

Preliminary programming of this general. approach has been
carried ouit In AP'L. HlypotheticalI t~est data has.- yielded stable
results throuigh time whicht seem at leaist to be reasonable.
Testing of such models is very difficulit, however, since re-
search on complex systems,- by for example, Forrester [3). in-
dicates that they frequently exhibit counter-intuitIve behavior.
Thus it Is worse tihan meaninglIess to ask t~hat the modelI behave
in a fashion reasonable to human Judgement nor based on in-depthA
study.

Atl thongh no estimates can be madle of the absolute accuracy
of the predictions of this model approach. it appears qluite
certain from the researcht restilts quoted that models such as
this one can make considerably better predictions Iin complex
imitItip Ic criteria si tuat ions than can humans. Thus .It appears
highly desirable to develop) at least simple performanice models
such as tilL one dIescr~ibed above to assist designers In chosing
among alIternat ive modular design app roaches.

.4
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In tile deSiF.n of Complex ph~ysical syAstems the design~er envisions
parts which wilt go into making tip thle desired systems. The systems
con siLdered for modular design~ are usually a class of functionally
similar systems, e.g. motorized land vehicles or modular air-to-sur-
face weapons, since a modular class has economic advantagea over a
single modular design. The' envisioned parts for tile systems are
mostly existinlg III other systemsi, tit not fit: together very well In
tile envisioned systems,* andi man~y arn thought to he better produced

Lin-tv'use. The designer is lead by economic cons iderati ons to at top-
down modutlar design, especially If hie i-A to design a significant
number of the systems in the class or is to design for in-hotisp
production one or move of thle modules co'mmon to various members of
the class. With a view of aill systems lin the class, one call reduce
tile complexity of the systems as well as that- of new modulues. (New
modtaile are thmose. at thle forefront of tile state-of-the-art and must
be deveLoped for thle new system to perform Its task.) Complexity
is tine or those thintgs that moth tarity ir not. Complexity call be it

functional complexity lin a dynamical system fianet ion sense (see
Rosenbrock and Pugh [41) but It must also be the number of main- 'tonance steps (human operations),. the number and degrce of inter-A
connect ions of moidules, atc * Thus, in thle physi cal model ing for
function or lit tile economic model ing for maiantainai iity , rel Ia-
hit ity, etc. we muSt eXPress8 our models tin terms of fuctiotnal physi-
cal paratmete.rs oft tile system and physical piarameters which reflect i

- -cost and complcxity. Then, If we set design goals tit torms of func-
tionIS Which depend On: these parnmeters, we can design tit( phlysical
structure. by -lti optimal parameiter allocation~ proceduire.

*~A I l avle chosen thle follo0wing form for the design optimiza.tion
probboam. If we are given tl~e independent variable X which gi-ves
the potints it time or space or thto nutmber In it sequence of obser- 1
vations, etc.; anti, If we determine desireabie performaince functions
f~(\ for the class of systelus; and, If We canl toodel the-' system par
formaancŽ lit sumch a way that the out~pit- of the model is- a funct ion A

* of Aystem parameters,. p. and expresses system performance corres-
pontling to fd(x) . thlen the outtput Of thle model , r (,p) , Is to he a s
"cloqe" as. poss'ible Ito fd1(x) when tile parantotors, p, are optimally
determined. This p~roblem is usually formulat'ed as a minimum norm
probleom onti the. space ot functions f (x , p) or onl the paramet-er space
11. If ihit, model i.s known to withiin the parameters, p, tile latter:J
spnee Is tiseil. Otherwine * one has the more general functiLonal
opt imizatiton anld synltimes is problems. Z

We haIve amssumedl that. t he mode I ist rtiture is. well known but
the arratngeme'int of tile system its described by tile parameters are
uinknownt. IThe norir chosen, wams tile,- least Scquares funct ion of P.

II'opt i-iza.u i oi n vi to ritmn can ho the suim, o[ '%.Vra I 1 ast. square..
funict ions. lit stwile "V.."em detivsgn probl)Iems it is poss ible t~o part i-
t i on the set of p;IratnleterS StuCh t hAt 80ome Iur;aMe.erq (it- not occur In
all rtinct ioens. Tieii thle dc~si gn prol' 1cm can be- solved by two or more.
opt imizat itaum problems . For example su, ppose fd 1 (t) is a desire lper-
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tfr mis' ll.lce fsilit I oil of t I te fII2 (25j) 't" ~ rloil Ii 111 t ia ftc n
bodyf I ed iinats, i'd fd3 (x) 1Is a. desired tuaintenance funicthion

of component stackinig order or order or inte rcnectimt.Ion. I f Ltil
desired performance 14 Influenced by 0only Lthe parameter set Pit, tile
Inertia Is affected only by tile set p2, and thle maintentince Ill 111-
fected by p., and tile "~t P3, !hten we cmi formInte the optimal at- l
location problems. Find the parameters III Lho es~'pni 3 -

Such that

11 TM (t) Y ,I) i

.1 1~ ) dl I I

+ f r 3 ~ P
qWl kul ) d3 (Xk) (3N-2I~

.1:c a : minium. The~ opg I IanI wtat.I I &-,, I z ulone ovor I I c um I ri' c I:s olt syst cu,
s~ I , S. 8 * lnian li'.i ng, .11 n s dputln ol iflati mE.Iizin .1. j*

hI IypiL %rOi utI I' IIli 10111211 eaI I till prol) 1 (.111 caloti lie' torlu iunt ed in
great iletal Ii n Lterms of thle fundamnental phys icalI phlitimem-1 , n bee
Sthe problIem wotild become tot, complIe-, and recitilre enorot Os *1flotinta of
compiut ing memory and timae. Trhus one iqIeatlo tn :i [isitnitainj t he1
fianctiosus f' in terms of oat v import ant tiet: I8 I$of thev des ired behavior
its it [ialeLion of jphyn id c )AWaAMeters.S

0n11N. si npo Ic xamp I. probl Iems Have been forum i ateid ancd sol ved so
fn r. mbit; research has po i at e oot the need fot mac romod:' Is of hotlti
playbiZ lc s ystviem perfIoiiualite andtctcosiatmi e per ortualloo int Le rttl. of
fuLladanivt iat pltvsiclla des igntpsaees

2.3 Mac rioutcic l W n~ he!~ and S)u.OpI ut ifi Vitt ilou

The ever incteuasnpla size ol ci rcil s anil svstc cutsIhat engineers
are des igning ha!% led to: thle di'veI opeotea of mtallv spet in I ptilPOSe
s imul at ion I chniit Iites. 0.* g., m~atcrcmodel I Ill,. Tho t.ask of t rv ing to
decide lie reltiv. m1 v'tar itn of var Ioim s ntimiat i ots I cehat qitens Imitde
(Imifividt bv tho lI~tk (if ai I ii tig fr~amework huit Odell to stocdy thle
re tat I otlstil 11) bet Weenl alooid I I Ill for s I mu h at ionil and Ithe ;141 lia I 4 jaun lat. I on I
itroc.-dia Iyes *The aimn of u'usr work hasn bceen threelut ld: To rev itow ex s~t img

hI a .sea Ie 1u nimflt I .:I I %ut p rncedaa11 os talld ueve l op a tillt:fy atg1) st riact lire
for iwa I vz/ aing Si itutt Itai 'ion procdthires and' I o to: aim: 1.1 te, s.Omc pt t'tit 1.1 alV I
sine Cual I stew Imt rj* s.q ni eSmumi at it'll -~cd~ c' Th... i wo ikBs sunianar i ed
in the paper "t-i mu Iat i Oat rocvdusrt- for La~rge ScaleIu Eein: -rn'tic Sv~si eus."

Ill addit ion t o tilt l1iabVe We haive de-veloped aI new algor ith linora
szolving sparne it x nt sets of tionlitinar algebraic cequat ions. Tit Is

6j



A I -111 i t nim I iI Ice til' 1 .1,V.11 itv rp -Mla tgts: k ii : I -1-1 or* i 01-1m ii 11 1 Iat a t t'ael
I I v ra t Iit tn tie s t v p m I z e t, ;k en :I f I't s I.hle (I I - e t I on s lveo ed to%
swair .cl t ll -4 (1 roc t bIon lv I g gomewlIt, Ue it. hP e I Wtllit h Nlewtill illn gra(Il I ellt
d I ree t I mt'is. Unl iIke the .~Otlti-J~'Ii~~ schemes the spars i.ty ol'
the Ot'li~muil e(liitt flon Is p remervett mid Vimi be epoxi toled.* This work
in atrinnuarlred Wn Lhu paper "A Modifi ed L~east Sq~incren Algori lbm f or
So'lvi sil Sparmc N x N Se ts of' Notin Ita r I.4ita~stlicits (See Appendilx).

2.4 Econosm ic and Re I IbilityI I 'n Wetrat Lima Ini Modu I ii' DosI t

Reseairelh itto seviora, i agssicai anras or' aerwit veotionlfhes I orA
Slew tiiodtsIar syst emits was per foluIt'd . tllw iil\'. Wit- oil1 t he proble I i fi
stehedii I logr o f repal 4 ot f a I ! ed mod i -I:sr toit vonnsIde-t.' i irgie
vomponenits III multI eicompollent systems Auntoher area tit resenr'i-cli was
L. he dese r 11)1 ton of a repi I ave'meii t po I1 1ev for at moditIn Ic tilt I t 1In Ali ell
th I oIC oe C0111111 L r z-b. .1I S111 ett o . Lr I.i (ei de Ir I orat I Ionl butI no (a I I it re. A
thiiIrd area (i 1 tesearirel was til the deve Iopment of meassi rion Idua lift.
CI'net~o I nshot rnodu i ar SY'stemng. III a I I Ingtt itees approprilate
mathiatit'ivaii I (a ItndtlIs wt'SQ devlC~~Ioped andI explIi cit Sot ut innls were
obtained fo~r soveral canes.

Sehodusin g repair (or rep I nementi) of falled modula .r lnoit s in
muln t.i t-ipoitmilt ;t~i'm!; wan uilvest igaLted an follow!-.. I~v vi ew~ing emach
falIled mlodlt t as a lJob to beo repla irod by a ps'-OCOSA(W Mnd tho~ proc~te~stwr
as., its ni ogle Madobille. opt imnal In-ralki atio I '0vpe st'hedtii Is were obtainedN
for it c iam oiS it i 1ohs onev macl i ne I .p p robllems losing an C rite r ia
1 ) Lb.'t iotal rmoCe.-s log cost., I I) tilt total deferral vost- and Ill)
Lthe total pri' ensi oig umid deferral Cost~s S evenl msodel a wore deove loped
in-ii. IsdIilig Castes when I til! pIWOCSAOI50 dt'olr l.ralt 'viq with iisl.g' and
wholl Fesnt I o i~ti.o thle processor I! posib5lbe., at thle volu~t)ipIt i on of Vitt-it

job. The resucs, ItII 1wanb app lied to determine. ain opt imal neqittenelog
scheme to repair ani art' ilrarv niumber of failiied moditls I en a1 Complecx
syste'm lin whit-li a slngle ropair fav'i Iliv Is avai lable'. A report of tlhis~
Work van he foutnd In it lie' AppowdI x tintilor t lit, t i It' o f "P'e rautat Ioil
Tlype St-lwdtii Ion i int S ingle H at-lin Iitinder Cost Cr1iter ia.

The modu Ia r rep I ziemient problem with tmonit s sithi Oct to. stri ct
(let er i tv ra ti tlluWa eoin 1 deted 3:' fto I I OW." . h'r(1 all :l-e-11c4tiilbIflt mtodu ta Ia
unlIt Ill whit-1C.h- e'i conilonil~lt is stibje'-1 to :it rict deteri'rat ioll, a
per Iodl I.rgojip rep iwaement poll cv (mlodule replacement-) Was %asstmed
Whnlilt,1 1 iWO I of dlt't '1.I rat ionl of all 11 vom~ptoli'ns rvat-hes a gi ven

vctwor 'a lute. *r m isd('r lv lsl in Ilt idlineonsional renewal equhaiion was
tIvrP i- as VliSWel I5 :I,; expC$ 1MA for5 tht, Inea luctl 11114.' be Iwi-eli rep Iaveoment s
Thei %t at ist 1 cal 01.sr-actotri st i4-.- (it tc'uiuionlen dot Iorirat i on canl t1 11S
be- relatedt to modulle rep latct'ietit . Thliis work is, pro-soiten oil in(he
Appnd i x Ii iti IpwIaper cimi t i I ell "A (Croump Repl lavt'eiii lro 1-11 1g 4-m 111ler

lDet eriorat i ug Cond~lit ionis

A sowitit kii'i to thle mtean rsoni-bhm lil t ' problem011 lor inotusl ar units
was oi~t a iied iiitlil~ ol pi'operi iv!.h ol iie'rtit ive * posi~t ivi' .11d lil

kIit'ill'iv .1md O w!i.s. We't're 1 at-1.1 l -1 0 t 'it I v io it'11-u1 lift .u a'I 11~i I-v i i ii v. ~The
paper * "I aisi I it'.; (it lii str ilutt eons withI Posit iv~e Mt'msrv lvie iveti Icoin
tli- Meani Re.jdithiaI I.iv It Iitoet ion", sunimiar ion tisi incsearchl



The tol o IOw Ing. t oi I c woa, ii h u retr (.i ir Iit t v rest I. Rk it t I onsit Lp
Il vtWet-1 t hill rea rl~a Ilt I IIv KI RNECK ER) I nd I c i andl t ho der oilp II ilip
I it I cc #-q Accordhig to 'RO.SliNIIROCK ' ttherem cionveru lug oie o r rtct or
feedhaek till vntem dy~namtics, (set, st t- nace zinti Mltit,1varlnlble Theotry',
W I I O, 1970. Theorem 4.2, p. 190) % h delveo ee i~vof thA Inniett
factors 4-1 of' AMy Wosed-l~oop) oystens matrix F* mtust stanC1fy tho
i inctua I it i Q-.

(lvg q' + (101 4'2 'KI +- R2

etc., where KI K.) *.. . ; 0I are the KRoNKCKKFR id icer. of the ftxedI
pallr (F. C) deseri hung Lthe o11011- loo'j itiptitst-ate behavior (ifth

.qVstp em be votliirolled. (Sov KALMNAN. "Kit inontker I nvari1ants; and feed-
back". Proc.w NRI. Con rerence oin Di1 rferenl til FItaIa qut Iolls. 1971 '.Academnuic
Prss t'In l)2. ) S I ItC thlt sygt cms in qjuvetot I o rV ;IS~mect reachablei, it

18Is always assume~iid thit I

order btenprt it ions. In ohe words ORFKOKstermgvs
an fit(tem rth -irt aI ordor, bet ween the( dleproes

of inva rian atr and the KRONKCKKII i ud ivc. Siminl ar inequa lit Ies
arise itcnneto wiht the stutdy of the feedback itdcs I hr

Qýýjr~ja or-o M ~las I hni roe it I the study o t utrutua
ondievs 11i pwbed cvn i.g .-d odlrit
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Vigorous pursuit of this line of research is required if complex modular
systems are to be developed from reasonably simple analytical methods.

3.0 Conclusions

One could define modules and modular systems in a number of different
ways such that the definition is successful in defining a worthwhile and
useful design. Presently, these definitions would be quite narrow. For
example, one could say that a module is a part of a system such that the
module is minimally connected to the other parts of the system and define
"minimally" by the degree of decoupling observed in the modeling equations.
This would not lead to the ultimate modular system configuration broadly
defined in the Introduction. Thus, one must do both performance modeling
and economic systems modeling in terms of common system design parameters.
The use of "overlays" of the various modeling results described in the
parameter space has been considered a viable aid to ultimate design.

Existing systems which seem to have various degrees of "modularity"
have been analyzed to determine the basic attributes of modules. These
attributes, which have been discussed throughout this report and in
previous reports, are more than standardization and include advantages in
the design process as well as savings in time and money for maintenance.
Again, economic considerations are of primary importance. Economy in
design, economy of ownership, etc. must influence a specific design. Thus,
these must be related to the physical parameters of a design or class of
designs.

Computer aids have been developed for economy in the design process
as well as for decoupling the governing equations for various designs.

Such computer aids are necessary in complex system designs and the process
of modular design must be many faceted if the resulting class of modular
systems is to be ultimate. The system itself need not be complex and the
degrees of complexity of the models can be low. For example, if we
think in terms of a dynamical systems model in terms of linear differential
equations, then the degree of complexity is related to the degree of the
characteristic polynomial 141. The degree of complexity will increase
with the degrees of complexity of (1) disturbances to the system which the
system must overcome and (2) the prescribed performance which the system
must follow. Thus, the model should contain only essential (sensitive)
descriptions for disturbance rejection and following of prescribed performance.

In the original proposal for a five year program it was praposed to
investigate modular systems for natural decoupling of state space models
corresponding to the physical nodular boundaries. It is concluded that
any natural state variable decoupling caused by the intrinsic properties
of modules of ultimately modular systems are insignificant. Coupling and
decoupling of moduJes are better described in a physical parameter space.
Reasonably uncomplex mathematical methods must be developed for system
decomposition in parameter space.

The s•tage is set for new research In the economic design of modular
systems wherein reliability, maintainability and availability (RAM) are
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considered in terms of physical design parameters. This will require
that the system engineers whose primary responsibility is RAM
interfaces more with the engineers responsibile for subsystems.
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